Conifers. D ust Pollution. A lkalised E nv iro n m en t. R adial Increm ent. C lim ate P aram eters R elationships of the w idth of annual rings of 75 -8 5 -y e a r old Pinus sylvestris L. and Picea abies (L.) K arst, with average m onthly tem p eratu re, am o u nt of p recipitation and a com plex climatic indicator developed on th eir basis was studied against the background of pollution load in the zone influenced by a cem ent plan t and in a control area. M ultiple regression analysis (equations with tw o and three in d ep en d e n t variables) show ed a significant co rrela tion betw een precipitation and te m p e ra tu res with increm ent, especially for pine; how ever, the prediction capability of the m odels is m odest, describing usually 3 5 -4 0 % of the variation in radial increm ent. The calculations suggest th at p recipitation am ounts are m ore im portant and tem p eratu re p aram eters less im p o rtan t and can be replaced by one an o th e r in the m od els. A direct correlation with the pollution load can be observed: at probability (P) n ear zero the coefficients for precipitation w ere the highest (0 .4 5 -0 .5 1 ) in the area strongly affected by the cem ent plant and the low est (0 .3 1 -0 .3 5 ) in the w eakly affected and control areas. In case of spruce shortage of air hum idity during sum m er m onths was im p o rtan t for increm ent, especially so in the heavily p o llu ted area.
Introduction
Information on environmental conditions im portant for the growth of trees and on their changes over long periods of time is docum ented in a visible and measurable form in the structure of the annual rings, making thus analysis of the effect of environmental factors possible (Fritts, 1976) . Many factors influence the formation of the width of annual rings which may vary greatly de pending on the species, geographical location and the conditions of the given site. Research into the effect of climatic factors is especially fruitful in areas where the growth of trees is subject to the effect of the so-called limiting factors. In areas where the production of trees depends signifi cantly on some climatic factor (in arid and arctic areas and in mountains at the tree line in North America, northern Urals, etc.) the variation in the width of annual rings correlates well with changes in microclimate (Cropper and Fritts, 1981; Graybill and Shiyatov. 1992) . Lindholm (1996) proved that midsummer tem perature influences signifi cantly the growth of pine at the northern boundary of their growth in Fennoscandia. Tem perature re gime affects the radial increment of conifers also in areas with m oderate and humid climate in G er many (H uber and Griertz, 1970) , Sweden (B ar tholin, 1975) , Norway (Thun, 1987) and Finland (Zetterberg and Meriläinen, 1987) . The growth of spruce in Finland depends on early summer tem peratures, but that of pine on mid-and late sum m er tem peratures (Mikola, 1978) . Summer tem peratures affect significantly the radial increment also in Lithuania (Bitvinskas, 1974) . In Estonia a strong correlation was established between the ra dial increment of bog pines and the ratio of precip itation amount and average tem perature in June (Läänelaid, 1978) . The radial increment of pines growing on mineral soils depends significantly on winter temperatures. A negative effect of low win ter tem peratures on the radial increment of coni fers has been observed also in Latvia, Lithuania, Belarus and elsewhere (Löhmus, 1992) .
The present paper discusses the effect of cli matic conditions on the radial increment of Scots pine (Pinus sylvestris L.) and Norway spruce (Picea abies (L.) Karst.) in an area heavily pol luted by the cement industry and in a control area. A ttention was focused on correlation between average monthly temperatures, amount of monthly precipitation and a comprehensive climatic indica-0939-5075/99/0700-0526 $ 06.00 © 1999 Verlag der Zeitschrift für Naturforschung. Tübingen • www.znaturforsch.com • D tor developed on their basis, which were combined with data on pollution loads.
M aterial and Methods

Growth conditions in stands
The study area belongs to the mixed-forest subregion of the Atlantic continental region of the tem perate zone, which is strongly affected by the vicinity of the Baltic Sea (Raukas, 1993) . The du ration of sunshine at the coast is 1 7 0 0 -1 7 5 0 h per year; the number of days without any sunshine is 110 per year. The average yearly temperature in the area is 4.9 °C, minimum 3.2 °C and maximum 7.3 °C. January is the month with the lowest average temperature ( -5 .7 °C), while July is the warmest (16.2 °C) month. Temperature fluctua tions within a month vary greatly; the difference between the minimum and maximum over years is the biggest in February (18.0 °C) and the small est in August (4.7 °C). The average duration of air tem peratures above zero is 150 days. As an average, 11 December is the beginning of the period when the temperature stays below zero. This period lasts for 80 days with average absolute minimum temperature of -2 2 .7 °C. In the vicinity of Kunda the average annual amount of precipita tion is 550 mm. July and August are the months with the biggest amount of precipitation (respec tively 13.0 and 13.4% of the total annual amount) and February and March have the smallest amount (3.8 and 3.9% of the total annual amount, respectively). The predominating winds are south erlies and southwesterlies (41% ); during the win ter season southerlies prevail while in summer northerlies gain predominance. The average an nual wind speed is 5.2 m/s. Since 1975 the average air temperature and precipitation amount have had rising trends with the average annual air tem perature by 0.3 °C and winter temperature by 0.7 °C higher and annual precipitation amount by 41 mm higher over the period 1 9 7 5 -1 9 9 3 than over a long-term period (1 9 5 4 -1 9 9 3 ).
The total amount of dust emitted into the atm o sphere from the Kunda Cement Plant has varied over the investigation period (40 years, for pine 1 9 5 4 -1 9 9 3 , for spruce 1 9 5 3 -1 9 9 2 ) depending on the condition of equipment and the intensity of production, reaching according to the data pro vided by the plant to a maximum of 98 900 tonnes K. O ts and J. R au k • Influence on A nnual Rings (in 1991). In recent decades dust has made up 8 7 -96% of the total emission. The amount of various exhaust gases ( S 0 2, N O x, CO etc.) has been smaller. Analyses made in the laboratory of the plant show that the dust contains 42.5% CaO, 13.5% S i0 3, 7.8% K20 , 7.5% S 0 3, 3.6% A120 3, 2.8% F e20 3, 2.7% MgO, 0.13% Na20 , 0.04% TiOz and 0.03% MnO (M andre et al., 1995) . The amounts of Cl, Ba and Sr are also relatively high. These are followed by Zn, Pb, Cr, Cu and other elements. The large amounts of cement dust emit ted by the plant have caused notable alkalisation of precipitation in the town of Kunda and in its surroundings (Mandre et al., 1995) . Transect studies carried out in 1993 showed that the pH value of rain in Kunda was 7.9, at a distance of 1 0 -1 2 km to the east 7.2 and to the west 7.3. These values are notably higher than the values sug gested by Austrian scientist Smidt (1984) as nor mal for precipitation (pH = 5 .1 1 -6 .1 0 ) and than those of our control area (pH = 6 .1 -6 .7 ). The high concentration of dominating elements (Ca, K etc.) in the dust has brought about also a rise in the pH value of snowmelt, which is usually over 10.0 in the town of Kunda (control 6 .8 -7 .0 ).
Dust from the cement industry has had a serious impact on soil towards alkalisation (Teras, 1984) . In the forest the pH value of the upper horizons of weakly podzolised temporarily overmoist sandy soils has risen by up to 4.5 units. The technogenic influence is the strongest in the litter layer of for est soil and it decreases towards deeper layers being in areas with a higher pollution load observ able up to a depth of 70 cm. As compared to the control area the Ca and Mg content in the upper horizons of soil is 15 times higher, that of K 2 -4 times, S up to 3 times and Al 5 times higher. The content of several microelements is also elevated. However, the content of total nitrogen and carbon has decreased. The carbon-nitrogen ratio (C/N) is likewise smaller, which indicates to changes in the biological efficiency in the soil (Teras, 1984) . In the horizontal direction a strong influence of emis sions can be observed in the leeward direction from the prevailing winds (to the east and north east) up to 5 km from the plant (in the windward direction up to 2 km) while a weak influence can be observed at a distance up to 15 km. Studies were carried out on a transect in the area of the Kunda Cement Plant (established in 1871) in North-East Estonia. Differences in the ra dial increment of conifers in the influence zone of this emission source and a relatively unpolluted control area were estimated. The transect selected is a 50 km long strip of land in the coastal area stretching 38 km west and 12 km east from the ce ment plant (longitude 26°30' E . latitude 59°20' N). The selected stands were similar as far as their site type, quality class, composition of trees, age and density was concerned. They were with 0 .7 -0 .8 density II quality class, average density or sparse understorey, 7 5 -8 5 -y e a r old Myrtillus site type pine or spruce stands. Thereby the effect of nu merous external (climate, phytocoenotic, anthro pogenic etc.) and internal (biological age, heredi tary properties, etc.) factors could be eliminated affecting radial increment in addition to pollution load. For correlation and regression analysis and for finding statistical differences (/-test) the programs STATG RAPH ICS 5.0 and E X C E L 5.0 were used.
Analysis o f radial increment and climatic factors
Results and Discussion
The graphs of radial increment indices of Scots pine in Fig. 1 show the impact of climate on the width of annual rings over a period of 40 years. Over shorter periods this impact has been dif ferent. An inhibition of increment due to climatic factors is observable in 1 9 5 8 -1 9 7 2 . For all years of this period the values of radial increment in dices are below the average (100) for the whole observation period. The inhibition of increment occurred both in the influence zone of the cement plant and in the control area. From 1975 onward the average radial increment indices of conifers are, as a rule, above the average, indicating im proving climatic conditions for forest growth. It is well known that the increment of trees is affected not only by the regime during the current vegeta tion period but the after-effect of the previous year is always involved (Fritts, 1976; Löhmus, 1992) . In rem oter areas within the influence zone of the cement plant (weakly affected area) the low con centrations of pollutants do not put enough stress on conifers to change their increment significantly. Both in the area influenced by the cement plant and in the control area, from the parameters char acterising temperature regime the strongest, most stable and unidirectional correlation with the ra dial increment of Scots pine was established with the average air temperature of winter months (from December through March) ( Table I) . Next come the average temperature of the current hy drological year (in significantly, moderately and weakly affected and control areas); average tem perature of the previous hydrological year (in strongly and significantly affected and control areas) and the absolute minimum temperature (in significantly affected and control areas). It has been suggested that low temperatures cause de struction of the structure of cytoplasm, intensifica tion of depletion of reserves, physiological dryness due to the freezing of the stem and soil (Löhmus, 1992; Lyr et al., 1974); the effect of the last mecha nism is supported by a reliable correlation with the freezing depth of soil. In the area strongly affected by cement dust the dependence of the radial in crement of pine on winter and annual tem perature parameters was weaker than in less affected areas and the control area; however, a significant corre lation with early summer temperatures was ascer tained, which was absent elsewhere (Table I) . Op timal air temperatures in May usually accelerate the growth of new needles, intensifying photosyn thesis (Huttunen et al., 1983) , which is disturbed in the strongly polluted areas due to high levels of defoliation and the cement crust covering older needles. In case of Norway spruce the dependence of the radial increment on the average temper- Table I . Correlations (r) of increment indices of pine and meteorological param eters and the probability of their significance (P) in the influence zone of the cement plant and in the control area. The correlation of radial increment indices as increment parameters with climatic factors were calculated on the basis of various parameters of air temperature and precipitation: \\ = average air tem perature of the current hydrological year (1 Sept.-3 1 Aug.). x2 = average air temperature of the previous hydrological year. x3 = average air temperature of May, x4 = average air temperature of June, x3 = average air temperature of A pril-July, x6 = average air temperature of December-February, x7 = average air temperature of D ecem ber-M arch. xK = absolute minimum air temperature of the current hydrological year. Xc, = precipitation sum of the current hydrologi cal year, x 10 = precipitation sum of the previous hydrological year, x u = precipi tation sum of June. x 12 = precipitation sum of July, x 13 = precipitation sum of August, x 14 = precipitation sum of July-August of the previous hydrological year. x 15 = average shortage of air humidity in June-August. The following influence zones of the cement plant were analysed: strongly affected area (up to 2 km west and 3 km east from the plant; pollution load 1800-2700 g m~2 per year): significantly affected area ( 2 -3 km west and 3 -5 km east; pollution load 1000-1800 g irr : per year); moderately and weakly affected area (3 -1 5 km west and over 5 km east; pollution load 100-1000 g m -2 per year); and the control area (3 0 -3 8 km west). Significant (significance level P < 0 .0 5 ) correla tions (r ) are given in bold. a) Investigation period ature of winter months, minimum temperature and the average temperature of the previous and cur rent hydrological years was generally insignifi cant (P > 0.05). As to the parameters characterising the humid ity regime, radial increment was significantly correlated with the precipitation sum of the previ ous hydrological year. For pine the correlation was the strongest in the strongly affected area, to some extent weaker in significantly, moderately and weakly affected and control areas ( Table I ). The radial increment of pine is also affected by the to tal amount of precipitation of the previous hydrological year. Frequent rains wash off part of the pollution deposited on the crowns of trees and carry the dust from upper layers of the soil into deeper layers. For spruce, the correlation with the same parameters was much weaker (for the cur rent hydrological year in the moderately and weakly affected area r = 0.38 and P < 0.02; for the previous hydrological year in the strongly affected area r = 0.51 and P < 0.001, in the moderately and weakly affected area r = 0.43 and P < 0.01 and in the control area r = 0.37 and P < 0.02); moreover, in some sites no correlation was observed. An im portant param eter for spruce was the shortage of air humidity in Ju n e-A ugu st, which affected in crement especially in polluted areas (in the strongly affected area r = -0 .4 5 and P < 0 .0 1 , in the moderately and weakly affected area r --0 .3 3 and P < 0.05). Under a shortage of air humidity transpiration and photosynthesis are disturbed if water reserves in the soil are insufficient; this, in turn, affects radial increment of trees (Fritts, 1976) .
During the period climatically favourable for the growth of trees (from the mid-1970s onward) the air temperature parameters had a somewhat different effect on radial increment. For pine the correlation of the average air temperatures of the winter months (both from December to February and from December to M arch), of the current hy drological year and the previous year were gen erally significant but relatively weaker than for the whole study period, which includes also years less favourable for the growth of trees (Table I ). The effect of summer temperatures on increment was statistically insignificant. In the strongly affected area no reliable relationships were observed with temperature parameters limiting growth. No reli able correlation was observed between the param eters characterising the humidity regime and in crement of Scots pine (Table I) . For Norway spruce no significant correlation was established with any temperature and humidity parameters (P > 0.05).
The radial increment of conifers was more nota bly affected if two or more climatic factors affect ing growth in the same direction coincided than by individual climatic factors. For example, the sig nificant reduction in the increment due to the pre vious dry summer and very cold winter of 1939/ 1940 is clearly observable in all dendrological scales of Estonia and its neighbouring areas (L öh mus, 1992). Multiple regression analysis revealed a combined effect of the sum of precipitation of the current hydrological year, the average air tem perature of winter months, current and previous hydrological year and the absolute minimum tem perature on the formation of the increment of co nifers both in the influence zone of the cement plant and in the control area (Table II ) . The com bined effect of these factors was more obvious for pine over the whole investigation period ( 1 9 5 4 -1993) than for the climatically favourable period (1 9 7 5 -1 9 9 3 ). The coefficients calculated suggest that for the whole investigation period precipita tion amounts played a decisive role, whereas the temperature parameters were of less significance and are interchangeable in models. A significant correlation with the pollution load was observed: at probability of significance ( P ) near zero the co efficients of precipitation are the highest in the area strongly affected by the cement plant and the smallest in the weakly affected and control areas. During the climatically favourable period when the amount of precipitation was bigger the main factor affecting radial increment was average win ter air temperature.
The combined effects of temperature and hu midity parameters on the radial increment of spruce (y) was observed over the whole investiga tion period only in the control area. It can be ex pressed by the following equation: y = 0.0003 + 0.2121x2 + 0.1269x7 + 0.3328x9 R2 = 0.33, P = 0.003, which shows dependence on the amount of precip itation during the current hydrological year (x9) and average air temperatures in winter (x 7) and Table II . Coefficients of regression equations and determination multipliers (R2) of radial increment between pine and meteorological parameters and the probability of their significance (P). The combined effect of meteorological parameters on the increment of pine over the whole investigation period and during the climatically favourable period is expressed by formulas for which the probability of significance, P. is almost zero and the determination multiplier R2 > 0.33. Out of the parameters of humidity regime the only significant one is the sum of precipitation during the current hydrological year (x9), among the temperature parameters the average air temperature of the current hydrological year (x^, winter months (x6 and x7) and of the previous hydrological year (x2) and the absolute minimum temperature of the year (x8) are significant. In the model with two independent variables the sum of precipitation are combined with different temperature parameters, in the model with independent variables combi nations of two temperature parameters (combinations of the average temperature of winter months with the average air temperature of the current and previous hydrological year and with the absolute minimum temperature of the current hydrological year) were used. The prediction capability of the equations is modest: they usually describe 3 5 -4 0 % of the variation of the radial increment. 
